Abstract -An implementation of an algorithm to extract continuous temperature profiles from power reflectance spectra is described. Immunity to tilt error due to power level drift in asymmetric profiles is reported for the first time.
I. INTRODUCTION
Fibre Bragg gratings have found extensive use as sensors for hostile, remote or physically cramped environments. Capitalizing on the inert chemical and electrical properties of silica glass, these all-fibre devices have found acceptance, and numerous specialist fibre sensor companies are now in operation. A subset of fibre sensing is intra-grating sensors, which seek to obtain temperature or strain profiles along a fibre Bragg grating.
The change to the spectrum of a standard fibre Bragg grating due to non-uniform strain within the sensor contains information about the intra-grating profile, and a grating with linear chirp was utilized to uniquely identify location in the test object with wavelength in the recorded spectrum, thereby offering a route to extract either temperature or strain as a continuous profile along an object [1] . A number of authors have reported demonstration of the principle, and utilization of the method to obtain strain profiles around holes in structural members and cracks in carbon-fibre laminated composites [2] .
Several alternative methods exist to process power reflectance spectra to obtain intra-grating profiles [3, 4] . These include running a system model with a hypothesis of the profile until the model predicts the measured spectrum. The authors have demonstrated that the system model can be approximated with a fast fourier transform (FFT) in place of a full transfer matrix calculation of the Bragg grating spectrum.
II. MEASUREMENT METHOD
A fibre Bragg grating with chirp rate of 12.6 nm/cm was fabricated using a scanning 244 nm CW laser system. The grating was annealed and threaded through 2 mm holes in two aluminium blocks at room temperature from a clamp to a pulley where a 20 g mass ensured constant strain. A reference spectrum was recorded using a broadband source, 3dB coupler and optical spectrum analyser. Current was applied to a Peltier thermoelectric device which caused cooling of one aluminium block and warming of the other. The temperature of the two regions was recorded with two K-type thermocouples inserted into holes in the blocks. The location of the chirped FBG crossed the resulting temperature step.
II. INTEGRATION OF DIFFERENCES
The difference between two measurements of spectra of the chirped FBG subjected to a non-uniform strain or temperature field may be 'integrated' to provide an estimation of the measurand profile. In this section we define the procedure in more detail.
A. Grating Model Extraction
A reference measurement of the power reflectance spectrum of the sensor when subjected to known uniform conditions is denoted R ref . All subsequent measurements of the power reflectance when subjected to unknown temperature profiles are processed one at a time and a measurement is denoted R data .
The processing employed a model of the grating in its reference state, constructed as follows: The reference spectrum is transformed to linear units in the interval [0 .. 1]. To remove noise in the spectrum and to ensure that the function of (1) (2), where C is the chirp rate, 12.6 nm/cm in our grating, and n 0 is the mode average refractive index at 1540 nm.
The function Y is resampled to a set of regularly spaced points along Z and multiplied by a constant to give an approximation of the AC refractive index of the chirped grating under test. We now have a model of the grating definition in which chirp is assumed to be perfectly linear, average or DC refractive index is assumed to be uniform, and the AC refractive index modulation, δµ AC (Z), accounts for any nonuniformity in the measured reference spectrum.
B. Selecting the Valid Region in the Data
It is important that the integration operates only on nonzero regions of the grating. Therefore the data was selected to start and end at λ 1 and λ 2 where measured reflectance exceeds 60% of its highest value in the reference spectrum. The grating model properties λ B (Z) and δµ AC (Z) were resampled using λ B (Z) to the particular points corresponding to the set of λ values within the selected reference data range.
C. Integration of Differences
The difference Y data -Y ref between the current measurement data and the reference within the selection was integrated according to (3) to provide an estimate of the temperature profile within the sensor. 
IV. NORMALIZATION AND TILT CORRECTION

A. Tilt Error and Correction
The precise location in the data where the selected region started and ended was critically important to within a fraction of the 0.05 nm point spacing. Therefore both the reference and data were low-pass filtered before using an interpolating threshold to find the valid region endpoints, which could be displaced if the data were taken at a different temperature to the reference.
The entire data were resampled to allow for the shift which could be a fraction of a point spacing.
The result of integrating such data according to (3) is shown in the dashed line in Fig. 1 . The refractive index change due to temperature inferred from the integration is shown. This is proportional to temperature, and the range shown is approximately 120 °C.
Whilst the step of approximately 20 °C at Z = 3 mm is visible, the result is severely tilted, showing a spurious 100 °C drop along the sensor. This tilt error arises from small (<< 0.1%) changes to the power level of the test source, connector loss, fibre bend loss, and other such power variations being integrated along the sensor length. The first correction implemented in software was to normalize the power level of the data to compensate for power variation.
The resulting refractive index profile with normalization is shown in a solid line in Fig. 1 . Whilst the droop or tilt error has been removed, a new smaller tilt error is introduced, since the normalization forces the first and last temperatures to appear equal. Whilst that is acceptable for measurement of a symmetric temperature profile, it is clearly not acceptable for this test case of a temperature step.
The result is enlarged in Fig. 2(a) , which shows that the extracted refractive index change appears to be zero at both ends of the sensor. This is an artifact of the simple normalization procedure.
B. Reverse Calculation
We require a method to properly remove tilt errors without forcing the refractive index changes at the opposing ends to be equalized. In this section a method is presented. The integration was performed a second time, with the order of the data and system model reversed. In this reverse direction calculation, the temperature was known at the right hand edge of the sensor region, where the shift to match the falling edges of the reference and data had been found when selecting the regions to process in the reverse direction.
The result is shown in Fig. 2(b) . It is noted that the smoothness of the extracted profile is best closer to the right hand edge, after the temperature step, as a consequence of the alignment between ripples in the model with ripples in the spectrum. Far from the known end, these ripples present a severe impairment to the accuracy of the intra-grating temperature profile. Fig. 2 (a) Forward integration, starting from the left of the grating. The bold line shows initial calculation assuming dλ/dZ is constant, and the fine line shows a second calculation using the result of the first to modify dλ/dZ through (4). (b) Reverse integration, starting from the right of the grating, using modified dλ/dZ
C. Non-linear lookup table for perturbed chirp
It is noted that the non-linear lookup table should really be known in advance to perform the calculations, since that changes the value of dλ/dz in (3). We implemented this method by approximating dλ/dz to the linear chirp of the unperturbed grating, and using the approximate result, shown in bold in Fig.2(a) to find the value of dλ/dz by (4) to use when the calculation was run a second time, resulting in the fine line in Fig.2(a) . The difference was small in this measurement case, but tends towards infinite as the chirp tends towards zero if strong temperature gradients counteract the fabricated chirp. Therefore this method is only suitable for strain or temperature gradients for which the wavelength remains a monotonically increasing function of position Z. The designed chirp of the grating must not be cancelled by induced chirp. The forward and reverse direction calculations were combined by making a linear combination, such that the left end of the sensor, whose temperature was known from matching rising edges of the data to the reference, was given a weight of 1 to the forward calculation and 0 weight to the reverse calculation. The right edge of the sensor, whose temperature was known from matching the falling edges, was given weighting of 0 to the forward calculation and 1 to the reverse calculation. All points in between were given a linear combination of the forward and reverse calculations according to position Z by (6). 
IV. CONCLUSION
Implementation of the method of integration of differences has been achieved, and we report for the first time the normalisation correction and bidirectional integration technique which were required to make use of this method to obtain asymmetric intra-grating profiles of temperature.
